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CQONVERSION FACTORS AND APBREVIATIONS

The conversion factors listed below are for the convenience of readers who

prefer to use metric (International System)

units used in this report.
1ti it

foot (ft)

foot per day (ft/d)

foot squared per day (£t2/d)
cubic foot per second (ft3/s)
gallon (gal)

gallon per minute (gal/min )

million gallons per year
(Mgal/yr)

inch (in)
inch per year (in/yr)
mile (mi)

square mile (mi2)

By

0.3048
.3048
.09294
.02832

3.785
.06308

.00012

25.4
25.4
1.609

2.590

vi

units rather than the inch-pouna

To obtain Metric Unit

meter (m)

meter per day (mv/d)

meter squared per Gay (m2/d)
cubic meter per second (n3/s)
liter (L)

liter per second (L/s)

cubic meter per seconé (m3/s)

millimeter (mm)
millimeter per year (nn/yr)
kilometer (km)

square kilometer (km2)



HYDROGEOLOGY OF CONFINED-DRIFT AQUIFERS NEAR THE

POMME DE TERRE AND CHIPPEWA RIVERS, WESTERN MINNESOTA

By G. N. Delin

ABSTRACT

Confined-drift aquifers in a 1,380-square-mile area of
western Minnesota range in thickness from 1less than 10 feet to
114 feet. Transmissivities range from less than 1,000 square
feet per day to over 16,000 square feet per day and theoretical
well yields range from less than 100 gallons per minute to more
than 1,800 gallons per minute.

Regional ground water flow in the confined-drift aquifers is
toward the Minnesota River and locally toward smaller streams,
lakes, wetlands, and wells. Water levels near high-capacity
pumping wells generally fluctuate 5 to 10 feet annually, compared
to annual fluctuations of 2 to 3 feet in the surficial aquifers.

Water from confined-drift aquifers generally is suitable for
most uses. The water is hard to very hard and contains 1locally
elevated concentrations of some chemical constituents.
Dissolved-solids concentrations ranged from about 400 to 1,800
milligrams per liter.

A ground-water-flow model indicated that increased pumping
from two of the confined aquifers simulated, the Appleton and
Benson-middle aquifers, would not adversely affect water levels.
The addition of 30 hypothetical wells in the Benson-middle
aquifer, pumping a total of approximately 792 million gallons per
year, resulted in regional water~level declines of as much as 1.4
and 2.7 feet in the surficial and Benson-middle aquifers,
respectively. The addition of 28 hypothetical wells in the
Appleton aquifer, pumping a total of approximately 756 million
gallons per year, lowered water levels as much as 5 feet in the
surficial and Appleton aquifers. Simulations of reduced
recharge and increased pumping, which could represent a 3-year
drought, probably would lower water levels 2 to 6 feet regionally
in the surficial and confined aquifers and as much as 11 feet
near aquifer boundaries. Ground-water discharge to the Pomme de
Terre and Chippewa Rivers in the southern part of the study area
probably would be reduced by approximately 15.2 and 7.4 cubic
feet per second, respectively, as a result of the simulated
drought. Mean discharge of the Pomme de Terre and Chippewa
Rivers is 104 and 267 cubic feet per second, respectively.



INTRODUCTIO

Ground-water withdrawals from drift aquifers have increased
dramatically during the last decade |in western Minnesota. The
increase is primarily due to increased crop irrigation from
wells following the 1976-77 drought. The MDNR (Minnesota
Department of Natural Resources) recdeived 38 applications for
ground-water permits for irrigation in Swift County before 1976.
Conversely, 105 applications were rgceived in 1977 and 278 in
1984. Most ground water is obtained from surficial aquifers, but
an increasing amount has been obtained from confined-drift
aquifers during the last decade.

The MDNR is concerned about the effects of increased
withdrawals from the confined-dr{ift aquifers because of
uncertainty about (1) long-term yields of wells open to these
aquifers, (2) effects of pumping and drought on water levels and
streamflow, and (3) possible interference between nearby wells
pumping from the same aquifer. Consequently, the U.S. Geological
Survey, in cooperation with the MDNR and the Pomme de Terre and
Chippewa Ground-Water Study Steering Committee, conducted a 5-
year study (1979-84) to appraise the ground-water resources along
these rivers in Chippewa, Grant, ope, Stevens, and Swift
Counties.

The purpose of this study was to describe the occurrence,
availability, and quality of ground-water near the Pomme de Terre
and Chippewa Rivers. Study objectives| were to (1) map the areal
extent and thickness of the surficial and confined-drift
aquifers, (2) determine hydraulic characteristics of the
aquifers, (3) estimate the potential yield of wells in each
aquifer, (4) describe the quality of water in each aquifer, and
(5) determine the probable effects of future ground-water
development on water levels and streamflow by simulation of the
aquifer system.

The study was divided into two phases. The purpose of the
first phase was to determine the ground-water resources of the
surficial aquifers along the Pomme de Terre and Chippewa Rivers.
Results from this phase of the study are described by Soukup and
others (1984).

Objectives of the second phase of the study were to appraise
the ground-water resources of confined-drift aquifers near the
Pomme de Terre and Chippewa Rivers. Results of the second phase
of the study are summarized in this report.

Two additional U.S. Geological Survey reports were prepared
in conjunction with the second phase cof this study: Delin (1984)
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WATER QUALITY

Chemical constituents dissolved
mainly from the materials (soil,
water moves. Ground-water quality va
in residence time, length of
precipitation, water chemistry, land
with minerals and aquifer materials.

Water-quality data for the confir
study are insufficient ¢to deter

drift,

in ground water are derived
etc.) through which the
ries in response to changes
flow path, temperature,
use, and chemical reactions

led aquifers sampled in this

variations within each aquifer. I
sampled for this study during July

water-guality analyses of samples
collected during 1964-65, were used i
and aquifer designation,

plate 1. The median, standard devia
constituent concentrations for conf
table 3. Concentrations are in mill

micrograms per 1liter (ug/L). Spec
micromhos per centimeter at 25°C (umh

Celcium, bicarbonate, and sulf
in ground water from confined aquife
bicarbonate
(Hem, 1970). Sulfate is contributed
organic material in sediments, and su

from confined aquifers in
but generally is suitabl
and other uses.

Water
very hard,
crop irrigation,
sulfate, iron, total dissolved so
recommended by the Minnesota Pollu
(1978) for domestic consumption. Bo
locally exceed the MPCA (1978) 1i
wildlife use. Table 4 lists the rec
consumption and table 5 lists the re
agriculture and wildlife. Also inc
percentage of wells sampled which
linits.

The of fo

suitability water

determined by relating conductivity of the water to the

adsorption ratio (fig. 24), which
water in terms of its sodium an
classification system was develop
Laboratory (1954). The sodium—adsor
the amount of sodium with respect to
values of the sodium-adsorption rat
tendency for ground water to destroy
reduce permeability. High salini

plants by reducing amount of

e

the
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water

'mine chemical-constituent
| addition to the 11 wells
through October 1982, 18
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this report. The location

if known, for the analyses are shown on

ion, and range in chemical-

ned aquifers are given 1in
grams per liter (mg/L) and
fic-conductance units are

s).

te are the predominant ions
s (fig. 23). Calcium and
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primarily by precipitation,
fide minerals in rocks.
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ion Control Agency (MPCA)
on and specific conductance
mit for agricultural and
mmended limits for domestic
ommended limits for use by
uded in the tables are the

exceeded the recommended

commonly is
sodium~
to classify the
hazards. This
U.s. Salinity
is a measure of
magnesium. High
indication of
soil structure and thereby
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EXPLANATION

e CONFINED AQUIFER--Sampled © SURFICIAL AQUIFER--Sampled
July—-October, 1982: July—-September, 1973:
1 119N42W17ADA 12 120N43W16ACB
2 120N43WO07ABB 13 120N43W02BBD
3 120N43W11BCA 14 121N42W31BCA
4 121N4OW35ABB 15 121N42W29AAC
5 122N41W35CAC )%.90 16 121N42W17ABB
6 122N42W21BBB 17 122N42W29BAC

7 122N40W11DDA

8 123N40W22DDC \

9 124N42W21CCB /

10 126N41W15AAD O % e?%x
11 129N41W22CDD v Z

ol N N[ N N[ N[ N[ N[ \/ \/
G % ® ° 2
CATIONS ANIONS

PERCENTAGE OF REACTING VALUES

Figure 23.~~Trilinear diagram showing chemical character of water in
the confined and surficial aquifers
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Salinity is directly related to the
water. Water from the confined aquif
sodium hazard and a medium to high salin

Boron is essential to plant growth,
in concentrations much above recomn
concentrations in water from confined
below the 1limit of 500 ug/L recommen
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use. The concentrations (table 3) sha
plants, but treatment of the water mrg
domestic use.
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sulfate concentrations (table 3) may
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present locally. Sulfate concentration
generally are higher than in drift aquif
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). However, the boron
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effect.
locally
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of mixing

High concentrations of dissolved solids in ground water can
cause well-screen incrustation and reduced well yield.
Dissolved~solids concentrations in water from confined aquifers
(table 3) generally exceed the recommended lirit for domestic
use.

The quality of water from the confi
similar to the quality of water from
This relationship is illustrated in figu
of the results of chemical analyses plo
area of the trilinear diagram. This g
that major cations and anions in san
surficial aquifers are present in simila
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where the aquifers coalesce (pl. 1).
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surficial
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similarities in quality of wat
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concentrations in water from the confined and surficial aquifers
is shown also in table 3.

There are several differences in the quality of water from
the confined and surficial aquifers. Water from surficial
aquifers generally has higher concentrations of nitrate (NO,+NOj
as N) and chloride compared to water from the confined aquifers.
The higher nitrate concentrations probably result from
infiltration of runofff from livestock feedlots, domestic septic
systems, and(or) fertilizers. Confined aquifers generally are
less affected by these nitrogen sources, primarily because the
overlying till confining beds prevent rapid leakage of nitrogen-
rich water to the confined aquifers. In addition, studies
conducted by Myette (1984) near Staples, Minnesota, indicate that
concentrations of nitrate and chloride generally are greatest in
samples from the shallowest part of the surficial aquifer, near
the water table. This indicates that water containing elevated
levels of nitrate and chloride moves vertically to the water
table ana then laterally, discharcing primarily to streams and
lakes, rather than moving deeper into the ground-water system.
Only a mincr amount of mixing occurs within the saturated part of
the surficial aquifer.

Concentrations of dissolved solids, hardness, magnesiun,
sodium, potassium, sulfate, boron, andG iron are, in general,
slightly higher in water from confined aquifers than from
surficial aquifers (table 3). These higher concentrations may be
the result of mixing with water from ceposite of Cretaceous age.
Data from drift aquifers in Big Stone County, Minnesota, (Scukup,
1980) indicate that the pH, sodium-adsorpticn ratio, specific
conductance, and concentrations of boron, iren, sodium, sulfate,
chloride, fluorice, and dissolved solids generally increase with
depth and are highest in water from the Cretaceous aeposits.

Higher concentrations cof chemical constituents in water from
cenfined aquifers are cirectly related to longer residience tines,
in comparison to surficial aquifers. Longer resiagence times are
primarily the result of (1) the discontinuity of confined
aquifers, (2) 1lower ground-water-flow velocities cdue tc that
discontinuity, and (3) greater depth of burial, which results in
ground-water interaction with intermediate and regional flow
systems in addition to the local flow systems associated with
surficial aquifers. The longer time for minerals to dissolve in
the ground water results in higher concentrations of chemical
constituents.

One of the most significant aavantages of developing water
supplies from contined aquifers, rather than surficial aquifers,
is their lower susceptibility to ground-water contaminaticn.
Till c¢onfining units greatly impede the migration of contaminants
from o¢or near lanc surtace to confined aquifers. Convercsely,
surficial aquifers arc vulnerable to contaminaticr: from a variety
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Table 4.--Minnesota Pollution Control
limits for domestic consumpt

Agency (1978) recommended
ion of selected chemical

constituents
Percent
of wells
Chemical Recommended exceeding
constituent limit limit
Chloride 205 mg/1 0
Fluoride 1.5 mg/1 0
Iron 300 ug/1 95
Nitrate (NO2+NO3) 10 mg/1 0
Sulfate 250 mg/1 59
Total dissolved solids 500 mg/1 83

Table 5.--Minnesota Pollution Control Agency (1978)
recommendations for agriculture and wildlife use of
selected chemical constituents.

Percent
of wells
Chemical Recommended exceeding
constituent limit limit
Boron 500 mg/1 11
pPE 6.0+8.5 units 0
Specific conductance 1,000 umhos 72
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Figure 24.--Suitability of water from confined and surficial aquifers
for irrigation in terms of sodium and salinity hazards
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of sources, including excessive fertilizer applications and
drainage from livestock feedlots and septic systems.

A dramatic future increase in pumpage from confined aquifers
could have adverse effects on both ground-water quantity and
quality. Overall ground-water quality |of the confined aquifers,
for example, could be decreased locally as a result of increased
pumping, which could induce migration of poorer-quality water
from underlying or overlying deposits.

GROUND-WATER-FLOW DEL

Ground-water-flow models are useful tools for management of
the ground-water system. A model as constructed for the
southern part of the study area (fig. 1). The model area covers
approximately 780 mi2 and includes partis of Swift, Stevens, Pope,
and Big Stone Counties. The modeled area is located in Swift
County primarily because the ground-water resources have been
developed more there than elsewhere in the study area.
Hydrogeologic data also indicate that this area has the greatest
potential for additional ground-water development. Model
objectives were to (1) determine the vertical head gradient
between the drift aquifers and (2) determine the probable effects
of future ground-water development on water levels and storage of
water in the aquifers.

The computer code of McDonald and Harbaugh (1984) was used
to simulate ground-water flow in three-dimensions. Several
simplifying assumptions were made in constructing the model. The
assumptions are:

1. Ground-water flow in the drift aquifers is primarily
horizontal and flow in th till-confining units
separating them is primarily vertical, based on
available water-level data;

2. The aquifers and confinin units simulated are
continuous, homogenous, and isbtropic;

3. The ratio of vertical to horizontal conductivity in both
the aquifers and confining units is 1 to 1;

4. The stage of the Minnesota River does not fluctuate
significantly in time and, therefore, is simulated as a
constant-head boundary;

5. Due to lack of accurate field data, streambeds are
assumed to be 1 ft thick and composed of permeable
material of 1lower hydrauli¢ conductivity than the
aquifers;

6. Minor streams and ditches areg insignificant discharge
points for the ground-water system and are ignored;

7. Areal recharge to the water table is from precipitation
and occurs primarily from April to June and secondarily
from October to December;
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8. Where till is present at land surface, vertical leakage
through till is constant and does not fluctuate
seasonally;

9. The rate of evapotranspiration declines linearly to zero
at a depth of 5 £t belcocw land surface; and

10.Ground water used for irrigation is consumed by
evapotranspiration and, therefore, return flow to the
aquifer system is negligible.

The drift system was divided into three model layers: layer
1 (the top layer) represents the Morris aquifer and the surficial
aquifer; layer 2 represents the Benson-middle aquifer; and layer
3 represents the Appleton aquifer. Horizontal ground-water flow
was simulated in each aquifer. Vertical flow in the ground-water
system was simulated by allowing leakage between model layers. A
detailed description of the model, including steady-state and
transient calibrations, is provided by Delin (1986).

The model was calibrated to assure that the hydrologic
properties and boundaries selected were reasonable for the
simulation of flow in the ground-water system. The model was
calibrated for steady-state conditions by comparing measured
water levels and calculated ground-water discharge to rivers with
corresponding values computed by the model. Calibration of the
model was achieved by successively adjusting hydrologic ingput
values until model-computed water levels and ground-water
discharge rates acceptably matched corresponding measured values.
Transient calibration of the model was performed also to
establish that the model can reasonably simulate changes in
ground-water flow and water level in time. Transient calibration
was accomplished by simulating water-level fluctuations during
1980-82.

A water budget is an accounting of the inflow to, outflow
from, and storage in the ground-water system. For steady-state
conditions, the inflow (sources) to the system, equal the outflow
(discharges) from the system. A general equation of the steady-
state water budget in the modeled area canbe written as:

Precipitation + ground-water flow into the modelea area =
evapotranspiration + ground-water discharge to rivers + ground-
water pumpage.

The steady-state water budget for the calibrated model
(table 6) shows that recharge from precipitation accounts for the
major inflow to the system. The table also shows that
evapotranspiration and discharge to the principal streams account
for most of the discharge from the system.
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Table 6.-—-Steady-state wat
calibrated ground

er budget for the
~water-flow model

Rate

(million gallons

Sources per year) Percent
Recharge from precipitatioON.ceceecss 28,501 98
Ground-water flow across model

boundaries into the modeled area
(Constant flux).................... 490 2
Leakage from the Benson-upper
aquifer to the surfical
aquifer.............0........0.... 35 O
Total inflow............... 29'026 100
Rate
(million gallons

Discharges per year) Percent
Evapotranspiration..eecceeececcecccsccsces 11,204 39
Ground-water discharge to the

Pomme de Terre and Chippewa
Rivers............................ 10'509 36
Ground-water discharge to the
Minnesota River.......‘..........'. 4'954 17
GrOUl’ld"Water pumpageoooooooooooooooooo 2,359 8
Total OULLlOWe.eeoeeseaseas | 29,026 100

Following calibration, the mode
effects of pumping in 1982, potentie
increases in ground-water development
below-normal precipitation (drou

1 was used to simulate the
11 effects of hypothetical
, and potential effects of
ght). Results of these

simulations can be used to estimate rpgional aquifer response to

future stress. However,

caution should be used in making ground-

water mahagement decisions based gn the model simulations.

Model-computed water-level decl
assumptions and should be considered
water-level changes.

declines over model grid blocks that
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values, and declines in or near individual high-capacity wells
generally will be greater.

The effects on the ground-water system of historical and
1982 pumping were evaluated using the model. Model results
indicate that pumping has lowered water levels between 1 angd 2 ft
regionally in all aquifers and as much as 13 ft locally near
Benson in the Benson-middle aquifer. Ground-water discharge to
the Pomme de Terre and Chippewa Rivers has been reduced by
approximately 18 percent compared to predevelopment conditions.
Ground-water loss to evapotranspiration has decreased by
approximately 20 percent bLecause pumping has lowered the water
table.

Simulations of hypothetical development indicate that the
Appleton and Benson-middle aquifers and the surficial aquifer are
capable of supporting additional pumping. Hypotetical wells were
located in two areas with sandy soils, near the towns of Appleton
and Benson, where there is l1ittle irrigation of crops but where
irrigation could expand in the future. The hypothetical wells
were spaced throughout these areas to minimize well-interference
problems. The average pumping rate for irrigation wells in the
modeled area, 27 Mgal/yr, was simulated for each hypothetical
well. All model-computed water-level declines mentioned in the
remainder of this section are in addition to the historical
declines which ocurred prior to 1982. Model results indicate
that the addition of 30 hypothetical high-capacity wells near
Benson, pumping a total of 810 Mgal/yr, would lower water levels
about 1 ft regionally in the Benson-middle aquifer and the
surficial aquifer. Hypothetical pumping from only the Benson-
middle aquifer resulted in a maximum water-level decline of 2.7
ft in the aquifer compared to a maximum decline of 1.3 ft if the
hypothetical pumping was simulated only in the surficial aquifer.
The addition of 28 hypothetical wells in the Appleton aquifer
east and southeast of Appleton, pumping a total of 756 Mgal/yr,
would lower water levels in the Appleton aquifer and the
surficial aquifer 5 ft regionally.

The model was used to simulate the potential effects of a
hypothetical drought of 30 percent less recharge for 3 years,
accompanied by a 50 percent increase in pumpage. Model results
indicate that increased pumping during the hypothetical drought
probably would lower water levels 3 to 7 ft regionally in each
aquifer and as much as 11 ft locally near aquifer-till
boundaries. Ground-water discharge to the Pomme de Terre and
Chippewa Rivers in the modeled area would be reduced by 15.2 and
7.4 ft3/s, respectively, during the simulated drought compared
to steady-state conditions. A detailed description of all model
simulations is provided by Delin (1986).
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SUMMARY AND CONC

LUSIONS

Ground-water pumpage from confined aquifers in western

Minnesota has increased during the last decade.

are the main sources of ground-water
aquifers are absent. A study of co
near the Pomme de Terre and Chippe
determine the

areal distributiion,

These aquifers
supplies where the surficial
nfined aquifers in an area
a Rivers was conducted to
thickness, hydraulic

properties, well-yield capabilities, and water quality of the

aquifers.

Ten areally extensive confined a
thicknesses ranging from about 10 t
surface to the top of the aquifers
ft. Aquifer transmissivities range
ft2/d. Theoretical maximum well yie
1,800 gal/min.

Ground water in confined aqui
recharge areas in the north and we
Minnesota River. Locally, ground wat
lakes, wetlands, and pumping well
aquifer generally is higher than in
indicating downward flow. However, t
near rivers and flow is upwar
precipitation averages 6 in/yr wher
present, but generally is less than 2
at land surface.

The Appleton and Benson-middl
intensely developed for water suj
confined aquifers generally decreased
surficial aquifers exceeded total
aquifers for each of these years.

Water levels in observation w
aquifers generally fluctuate 5 to
capacity pumping wells, compared to
ft in surficial-aquifer wells. Water
prepumping levels following each irri

Well interference may occur when
aquifers are spaced relatively close
may result in increased pumping costs

Water from confined aquifers
generally is suitable for domes
irrigation. However, locally elevaé
chemical constituents may require
Dissolved-solids concentrations ra
mg/ L. Concentrations of several
slightly higher in water from the cor
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er flows to smaller streams,
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nnual fluctuations of 2 to 3
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lgation season.
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; and decreased well yield.

is hard to very hard, but
tic consumption and crop
1ted concentrations of some
» treatment of the water.

nge from about 400 to 1,800
chemical constituents are
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from surficial aquifers. These higher concentrations probably
result from longer residence times for confined ground water and
mixing with water from Cretaceous deposits.

Results from a ground-water-flow model indicate that
historical and 1982 pumping has lowered water levels between 1 to
2 ft regionally and as much as 13 ft locally near Benson in the
Benson-middle aquifer. The model also indicates that the
Appleton and Benson-middle aquifers are capable of supporting
additional pumping. Model results indicate that an extended
drought may lower water levels between 3 and 7 ft regionally in
each aquifer and as much as 11 ft locally near aquifer-till
boundaries.
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GLOSSARY

The geologic and hydrologic terms pertinent to this report
are defined as follows:

Aquifer-~a formation, group of formations, or part of a formation
that contains sufficient saturated permeable material to
yield significant quantities of water to wells or springs.

Base flow--sustained streamflow, consists mainly of ground-water
discharge.

~ri it--sand and gravel deposited by wave action on
the shores of former large glacial lakes.

Cone of Depression--~a depression in the potentiometric surface of

an aquifer. Has the shape of a cone around a well from
which water is being with drawn.

Confined agquifer--an aquifer bounded above and below by confining

beds. An aquifer containing confined ground water.
Synonymous with buried aquifer.
Confined ground water--ground water under pressure significantly

greater than atmospheric and whose upper surface is the
bottom of a confining bed.

nfipin --a body of material with low vertical permeability
stratigraphically adjacent to one or more aquifers.
Replaces the terms "aquiclude," "aquitard," and "aquifuge."

Drawdown--the vertical distance between the static (nonpumping)
water level and the water level caused by pumping.

Drift--a general term applied to all material (clay,
sand, gravel, and boulders) transported and deposited by
glacial ice or melt water issuing therefrom.

Equipotential line--1line connecting points of -egual static
head. (Head is a measure of the potential.)

Esker--a long narrow ice-contact ridge composed of stratified

drift. The drift was deposited in glacial streams flowing
over glacial ice masses.

Evapotranspiration--water discharge to the atmosphere by evapora-
tion from water surfaces and moist soil and by transpiration
by plants.

Flow line--the idealized path followed by particles of water.
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subsurfac

Ground water--that part of

saturated zone.

Head, static--the height above a standa

a column of water that can be supported by the static

sure at a given point.

rauli ivity--capacity of
transmit water under pressure.
water passing through a unit sect

hydraulic gradient.

Hydraulic gradient--the rate of change

distance of flow at a given point
Synonymous with potentiometric gra

Kame--mound-like hill of ice-contact
size.

Outwash--washed, sorted, and stratifi
the melting glacial ice front

Permeability--a measure of the relative

medium can transmit a fluid under

Potentiometric--surface that represent
in an aquifer; it is defined by

e water that 1is in the

rd datum of the surface of
pres-

to
of
unit

porous material
It is the rate of flow
ion of area under a

of pressure head per unit
and in a given direction.
dient.
of

stratified drift, any

ed drift deposited beyond
by melt-water streams.

ease with which a porous
a potential gradient.

s the static head of water
the levels to which water

will rise in tightly cased wells from a given point in an
aquifer.

Saturated zone--zone in which all voids are ideally filled with
water. The water table is the upper limit of this zone, and
the water in it is under pressure equal to or greater than
atmospheric.

Specific yield--the ratio of the volume of water that a saturated
aquifer will yield by gravity drainage to the volume of the
aquifer material.

te -state flow--flow at any point in a flow field when the
magnitude of the flow velocity and the hydraulic head are
constant with time.

Storage coefficient--the volume of water an aquifer releases from
or takes into storage per unit surface area of the aquifer

per unit change in head. In an
virtually equal to the specific yi

i ifer--the saturated zone b
the first lower confining bed; ¢
aquifer.
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Iill--unsorted, unstratified drift deposited directly by glacial
ice.

Transmissivity--the rate at which water of the prevail ing
kinematic viscosity is transmitted through a unit width of
an aquifer under a unit hydraulic gradient.

Unconfined aquifer--an aquifer that has a water table; the
saturated zone between the water table and the first 1lower
confining bed; synonymous with surficial aquifer.

Water table--that surface in a ground-water body at which the

water pressure is atmospheric. Generally, this is the upper
surface of the zone of saturation.
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Appendix—Geologic logs of

test holes

Geologic log

Depth
(feet)

Thickness
(feet)

Test hole number: CP1 Location: 123.40

Township: Hoff Land surface altitude: 1,070

L17AACCBA  County: Pope

Soil 0-5

Sand, fine to coarse, and fine to medium gravel 5-33

Till, sandy, gray 33-60
Clay, sandy 60-76
Sand, very fine 76-84
Clay, with some sand, gray 84-114
Sand and gravel, with clay 114-116
Sand, fine 124-125
Till, gray 125-134
Sand, medium, with clay layers 134-137
Till, sandy, clayey, gray 137-218
Sand, medium, and gravel, fine 218-224
Till, gray 224-236
Sand, medium, and medium to coarse gravel 236~-238
Clay, sandy, whitish—gray, possibly Cretaceous age 238-247

28
16

30

[ee]
HND DN wWOrFN

Test hole number: CP2 Location: 123.40

Township: Hoff Land surface a

ltitude: 1,065

222DDCCQC County: Pope

Soil,
Sand,
Sand,
Till,
Till,

Till,
Till,
Sand,

Cobble

Cliay,

Sand,
Till,
Sand
Till,
Sand
Clay,

dark brown, with sandy clay
ocovarse, brown
medium to coarse, and fine to coarse grave

clayey, gray .
clayey, soft, olive

clayey, light gray
clayey, dark gray
fine to medium, with fine to medium gravel

sandy

very fine
gray-brown

gray-brown

greenish-white

0-2

2-5
1 5-20
20-77
77-87

87-97

97-119
119-148
148-149
149-153

153-163
163-176%
176%-178%
178%-202
202-203
203-234

15
57
10

10

22
29

10
13%

23%
31

TA



Appendix—Geologic logs of test holes-—Continued

Geologic log Depth Thickness
(feet) (feet)
Test hole number: CP3 Location: 122.40,11DDAADD County: Swift
Township: Clontarf Land surface altitude: 1,045

Soil, dark 0-2 2
Sand, and gravel 2-6 4
Till, gray-brown 6—64 58
Sand, fine to medium, gray 64-65% 1%
Till, gray 65%~78% 13
Sand 78%-79% 1
Till, gray 79%-93% 14
Sand 93%-94 L

Till, with sand and cobbles 94-102% 8%
Sand, medium to coarse 102%-104 14
Till, gray 104-159% 55%
Sand, with clay lens 149%-165 5%
Till, gray 165-187 22
Sand 187-189 2
Till, with clay layer 189-191 2
Sand 191-192 1
Shale, light blue—gray 192-207 15
Rock, weathered, crystalline, whitish 207-212 5
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Appendix—Geologic logs of test

holes-—Cont inued

Geologic log

Depth
(feet)

Thickness
(feet)

Test hole number: CP4 Location: 123.40,30DADADD County: Pope

Township: Hoff Land surface altitude: 1,063
Soil, dark 0-2 2
Sand, medium to coarse, clean, gray 2-29 27
Till, clayey, gray 29-71 42
Sand, fine, gray 71-76 5
Sand, and interbedded clay 76-79 3
Till 79-106 27
Sand, and interbedded clay 106-107 1
Sand, fine to medium, gray 107-111 4
Till 111-117 6
Sand, and interbedded clay 117-118 1l
Sand 118-120 2
Till 120-123 3
Sand 123-128 5
Clay 128-131 3
Sand, and gravel with clay layers 131-145 14
Till, clayey, gray 145-154 9
Sand, with same gravel 154-165 11
Till 165-169 4
Sand 169-170 1
Till, greenish-brown 170-182 12
Shale, bluish—green 182-190 8




Appendix—Geologic logs of test holes-—Continued

Geologic log Depth Thickness
(feet) (feet)
Test hole number: CP5 Location: 122.40.6CDDDDD County: Swift
Township: Clontarf  Land surface altitude: 1,052
Soil 0-2 1
Sand, medium to ocoarse, brown 2-25 23
Till, clayey, gray 25-44 19
Sand, and interbedded gray till 44-78 34
Sand, with same clay layers 78-81 3
Till, gray 81-112 31
Sand 112-112% ]
Till, gray 112%-139 26%
Till, reddish-brown 139-159 20
Till, reddish-gray 159-176 17
Sand 176-177 1
Clay, gray 177-189; 12%
Till, gray 189%-210 20%
Sand, medium to coarse 210-218 8
Till, gray 218-243% 25%
Sand 243%-256 124
Clay, sandy 256-263 7
Sand, fine, with clay lenses 263-273% 10%
Sand, fine 273%-340% 67
Cobbles 340%-343 2%
Rock, weathered, crystalline, light green 343-362 19
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Appendix—Geologic logs of test holes--Continued

Geologic log Depth Thickness
(feet) (feet)
Test hole number: CP6 Location: 122.41.25CDDD County: Swift
Township: Tara Land surface altitude: 1,040

Soil, dark brown 0-2 2
Sand, medium to coarse 2-27 25
Sand and gravel 2731 4
Till, gray 31-36 5
Sand 36-38 2
Till, gray 38-72% 34%
Sand 725-74 1%
Till, with clay lens 74-75 1
Sand 75-76 1
Till 76-131% 55%
Sand and gravel 131%-134 24
Till 134-136 2
Sand, coarse 263-273% 10%
Sand, fine 27 3%-340% 67
Cobbles 134-136 2
Sand, ooarse 263-273% 185-187
Clay, light bluish gray 187-192 5
Clay, yellowish green to tan 192-207 17
Rock, highly weathered, crystalline,

whitish-red 209-230 21

-~ 0O




Appendix—Geologic logs of test holes-—Continued

Geologic log Depth Thickness
(feet) (feet)
Test hole number: CP/ Location: 122,41.6CDDDCC County: Swift
Township: Tara Land surface altitude: 1,121
Soil 0-1 1
Clay, brown 1-21 20
Till, gray 21-33 12
Sand, and fine to coarse gravel 33-39 6
Clay, sandy 39-40 1l
Sand 40-41 1
Clay 41-41% L
Sand and gravel 41%-44 2%
Till, gray 44-80 36
Sand, with clay layers 80-102 22
Till, gray 102-117 15
Sand, with clay layers 117-121 4
Till 121-127% 6%
Sand 1273%-128 Y
Till 128-147 19
Sand, with clay layers 147-157 10
Till, gray 157-175 18
Sand, coarse at top, fine at bottam, gray 175-281% 106%
Granite, decomposed, white 281%-297 154
Test hole number: CP8 Location: 121.42,17ABBBEB County: Swift
Township: Moyer Land surface altitude: 1,033
Soil, dark 0-% L
Sand, medium to coarse, and fine to coarse
gravel, brown %-50 49
Till, gray 50-107 57
Sand 107-110 3
Clay, sandy 110-113% 3%
Sand 113%-114 L
Till, light greenish—gray 114-133 19
Sand, with clay layers 133-169 36
Sand, medium to coarse, and gravel with cobbles 169-188 19
Clay, greenish-gray to turquoise 188-206 18
Shale, greenish—gray 206—-238 32




J

Apprendix—Geologic logs of tes% holes——Cont inued

Geologic log

|

Depth
(feet)

Thickness
(feet)

Test hole number: CP9

Location: 1£2‘41431§£g County: Swift

Township: Tara Land surface altitude: 1,100
Soil, dark 0-1 1
Till, weathered brown 1-16 15
Sand and gravel 16-16% Y
Till, clayey, brown 16%-26 9%
Till, clayey, gray 26-63 37
Sand 63-64 1
Till 64-70 6
Sand, very fine, gray 70-76 6
Sand, clayey 76-81 5
Clay, soft, gray 81-108 27
Granite, boulder 108-109% 1%
Till 109%-114 4;
Boulder 114-114% 5
Till, gray 114%-119 4;
Sand 119-120 1
Till, clayey, gray 120-137 17
Sand 137-139 2
Till, clayey, gray 139-143 4
Sand 143-144 1
Till, clayey, gray 144-163 19
Till, greenish-brown 163-165 2
Sand 165-167 2
Shale, greenish brown to green 167-192 25
Granite, decomposed, white 192-212 20




Aprendix—Geologic logs of test holes-—Continued

Geologic log Depth Thickness
(feet) (feet)

Test hole number: CPl0 Location: 122.42.21BBBBBB County: Swift
Township: Fairfield  Land surface altitude: 1,048

Soil, dark 0-1 1
Sand, fine to ocoarse, and very fine to medium gravel 1-69 68
Till, clayey, gray 69-80% 11%
Sand 80%-81% 1
Till, gray 81%-93 114
Till, clayey matrix, olive-brown 93-101 8
Boulder 101-101% 5
Clay, gray 101%-112 10%
Till, gray-brown 112-118 6
Till, light gray 118-124 6
Sand 124-125 1
Till, light gray 125-137 12
Sand, with clay layers 137-140 3
Clay 140-141 1
Sand 141-146 5
Clay, dark 146-157 11
Clay, dark, peaty 157-159 2
Granite, decomposed, with some shale at top, light blue 159-175 16
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Appendix—Gealogic logs of t holes--Cont inued

Geologic log Depth Thickness
(feet) (feet)
|
Test hole number: CPll Location: 120.43.2DDDDDD County: Swift
Township: Appleton Land surface altitude: 1,021

Soil, dark brown 0-1 1
Sand, fine to very coarse, and coarse gravel 1-38 37
Till, clayey, gray 38-40 2
Sand 40-41 1
Till, clayey, gray 41-62 21
Sand 62-63 1
Clay 63-64 1
Sand 64-67 3
Till, clayey, greenish—gray 67-77 10
Till, gray 77-88 11
Clay, gray 88-131 43
Clay, dark gray 131-142 11
Clay, some organic material, very dark gr rown 142-150% 8%
Sand 150%-151 Y
Clay, light blue—gray, becames darker with depth 151-195 44
Dolamite boulder 195-196 1
Clay, gray 196-227 31
Clay, dark blue 227-228 1
Clay, gray 228-250 22
Sand 250-251% 1%
Shale, highly weathered, white 251%-263 11%
Shale, multicolored 263-278 15
Granite, decomposed, green 278-289 11
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Appendix—Geologic logs of test holes-—Continued

Geologic log

Test hole number: CPl12 Location:

Township: Shible

Land surface altitude: 1,039

Depth

Thickness

121.43.21AAAAAA  County: Swift

Soil, dark brown

Sand, very fine to medium, brown
Boulder

Till, clayey, gray

Sand

Till
Sand
Till
Sand
Till

Sand

Till

Cobbles

Sand, with clay layers
Till, gray

Sand, fine

Cobbles, and sand with clay layers
Sand, with clay layers

Granite, decomposed, white
Granite, decamposed, with quartz
Granite, grayish-white

0-1

1-71%
713472
72-109
109-110

110-113
113-114
114-136
136-138%
138%-140

140-143
143-147%
147%-148
148-150
150-153

153-165
165-167
167-178
178-183
183-198
198-202

~

HNXO
-

w

=
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Appendix—Geologic logs of test holes-—-Continued

Geologic log Depth Thickness
(feet) (feet)
Test hole number: CP13 Location: 120,42.28DDDDDD County: Swift
Township: Edison Land surface altitude: 1,024
Soil, dark 0-1 1
Clay, light gray-brown 1-10 9
Sand, medium to very coarse, with scme
fine to coarse gravel 10-11% 1%
Till, clayey, gray 11%-28 16%
Sand, and gravel, coarse 28-31% 3%
Till, reddish-brown 31%-43 11%
Till, gray 43-50% 7%
Sand 50%-51 L
Till, gray 51-55 4
Sand, medium to very ocoarse 55-56 1
Till, clayey, gray 56-83 27
Sand, gravel, and cobbles 83-85 2
Till, gray 85-92 7
Sand 92%-92% L
Till, gray 92%-106 13%
Sand 106-107 1
Till, gray 107-118 11
Sand 118-119 1
Till, gray-brown 119-139 20
Till, sandy, light—gray 139-151 12
Sand, fine, multicolored 151-164 13
Till, light greenish—gray above to darker green below 164-173 9
Sand, fine to coarse, mostly medium 173-190 17
Till, gray 190-196 6
Sand, fine to medium 196-207 11
Sand, with clay layers 207-213 6
Till, reddish gray-brown 213-235 22
Clay, greenish-white 235-244 9
Sandstone, coarse, white 244-254 10
Granite, decamposed, whitish—green 254-303 49

QA




Appendix—Geologic logs of test hales-—Continued

Geologic log Depth Thickness
(feet) (feet)

Test hole number: CPl4 Location: 119.41.7BBBBBB County: Chippewa
Township: Big Bend Land surface altitude: 1,042

Soil, dark brown 0-1 1
Sand, fine, brown 1-8 7
Sand 8-16 8
Till, brown 16-22 6
Till, gray 22-100 78
Sand 100-101 1
Till, gray 101-113 12
Sand 113-115 2
Till 115-127 12
Sand, medium to coarse, with some clay layers 127-174 47
Sand, clean 174-213 39
Granite, decomposed, with some greenish-white clay 213-228 15
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Appendix—Geologic logs of t#t holes—Continued

Geologic log Depth Thickness
(feet) (feet)
Test hole number: CP15 Location: 120,42.01DDCDCD County: Swift
Township: Edison Land surface altitude: 1,018
Soil, dark brown 0-2 2
Sand, fine to coarse, and fine to medium gravel , gray 2-23 21
Till, clayey, gray 23-38 15
Sand 38-39 1
Till, gray 39-41 2
Sand 41-42 1
Till, clayey, gray 42-50 8
Sand 50-51 1
Till, clayey, reddish-brown 51-63 12
Sand, medium to ocoarse, multicolored 63-69 6
Till, light brown above, greenish—gray below 69-104 35
Sand 104-108 4
Till, gray 108-136 28
Till, dark gray 136-153 17
Clay, with sand layers 153-168 15
Clay, gray 168-184 16
Sand, fine, with same clay 184-198 14
Till, gray 198-220 22
Clay, soft, with lenses of fine sand 220-226 6
Sand 226-228 2
Till, dark gray 228-243 15
Till, gray 243-258 15
Clay, sandy 258-275 17
Shale, dark gray 275-292 17
Shale, white to gray and rust colored 292-313 21
Granite, decomposed, light green 313-333 20
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Appendix—Geologic logs of test holes--Continued

Geologic log Depth Thickness
(feet) (feet)

Test hole number: CPl6 Location: 122,41.35CACCCD County: Swift
Township: Tara Land surface altitude: 1,048

Soil, dark 0-1 1
Gravel and sand 1-2 1
Sand, very fine to medium, with same fine gravel 2-22 20
Sand, fine to coarse, mostly medium, gray 22-47 25
Cobhles, and gravel 47-49 2
Till, clayey, gray 49-57 8
Sand 57-58 1
Till, gray 58-64 6
Sand 64-64% L
Till, light greenish-white 64%-72 7%
Sand 72-72% 5
Clay 72%-173 L
Sand 73-77 4
Till, gray 77-101 24
Sand 101-101% %
Till, gray 101%-115 13%
Boulder 115-116 1
Till, gray 116-132 16
Sand, fine to medium, gray 132-162 30
Till, gray 162-168 5
Boulder 167-168 1
Granite, decomposed, white 168-185 17
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Appendix—Geologic logs of test holes-—Continued

Geologic log Depth Thickness
(feet) (feet)
Test hole number: CPl7 Location: 122.41,35CCCC  County: Swift
Township: Tara Land surface altitude: 1,047
Soil, dark brown 0-1 1
Gravel 1-2 1
Clay, brown 2-11 9
Sand, fine to medium, brown, with some fine to medium
gravel 11-22 11
Till, clayey, gray 22-32 11
Till, sandy, gray 32-42 10
Sand 42-48 6
Boulder 48-48% 5
Till, gray 48%-64 15%
Sand 64-64% L
Till, clayey, gray 64%-92 27%
Sand 92-93 1
Till, gray 93-106 13
Sand 106-107 1
Till, light gray, with very small sand lens 107-115 8
Sand 115-117 2
Till, light gray 117-140 23
Till, brown 140-144 4
Boulder 144-145 1
Till, brown above to gray-brown below 145-152 7
Granite, decomposed, bluish—green 152-182 30
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Appendix—Geologic logs of test holes-—Continued

Geologic log

Depth
(feet)

Thickness
(feet)

Test hole number: CPl18 Location:

121.40.35ABBBBB  County:

Swift

Township: Six Mile Grove Land surface altitude: 1,040

Soil, dark brown
Clay, subsoil
Sand, fine, gray
Till, clayey, gray

Sand, medium to coarse, and fine gravel

Till, clayey, gray

Sand and gravel, multicolored
Till, gray

Sand

Till, gray

Sand

Sand, with clay lenses

Cobbles

Till, sandy, clayey, light gray
Sand, clayey, with clay lens

Sand, fine to medium

Till, gray, dark

Sand

Rock, decamposed, crystalline, white
Sand

Clay, white

0-1

1-3

3-12
12-21
21-22

22-59
57-82
82-84
84-88
88-91

91-94

94-110
110-113
113-118
118-140

140-179
179-241
241-243
243-259
259-267
267-217

HwowNnH-

N W
WD W

1

NOwWoYW

39
62

16
10
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Appendix—Geologic logs of test holes--Continued

Geologic log Depth Thickness
(feet) (feet)
Test hole number: CPl19 Location: 123.41.27CBBBBB County: Stevens
Township: Moore Land surface altitude: 1,077

Soil, dark brown 0-1 1
Sand, fine to ocoarse, and fine to medium gravel,

brown above, gray below 1-40 39
Till, clayey, gray 40-50 10
Till, with interbedded sand 50-62 12
Sand and gravel, clayey, gray 62-65 3
Till, with interbedded sand layers 65-73 8
Sand and gravel 73-77 4
Till, gray 77-111 34
Till, with interbedded sand layers 111-116 5
Till, softer, slightly lighter gray, darkens with depth 116-133 17
Sand 133-134 1
Till, greenish-brown 134-137 3
Till, gray 137-161 24
Sand, fine to medium 161-187 26
Sand, clayey, with interbedded clay 187-195 8
Sand 195-206 11
Till, brick-red 206-222 16
Sand and gravel, coarse, multicolored 222226 4
Till, greenish—gray 226-257 31
Clay, reddish-brown 257-263 6
Clay, gray 263-286 23
Shale, with fine sand layers, greenish-blue 286-313 27
Granite, decomposed, green 313-332 19
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